Abstract. The performance of an hybrid LES-RANS strategy, the Detached Eddy Simulation (DES), as a predictive tool for turbulent channel flow with massive separation is scrutinized. This is undertaken in a collaborative effort involving five different flow solvers used by five different groups to cover a broad range of numerical methods and implementations. This paper concentrates on DES results obtained with a computational mesh of approximately one million cells. The results are compared to those obtained by Large Eddy Simulations (LES) using the standard and the dynamic Smagorinsky models and an alternative hybrid LES-RANS -all computed on the same grid. Data of a highly resolved LES (roughly 13 million cells) are used for reference. Furthermore, the impact of resolution and, therefore, the location of the LES-RANS interface is studied.
Introduction
The flow over a periodic arrangement of smoothly contoured hills [16] has been extensively studied over the past few years [4] [5] [6] 9, 11, 12, 14] . Recently, this flow configuration at Re b = 10, 595 was selected as a common test case within the French-German research group on 'Large-Eddy Simulation of Complex Flows'. Originally based on the experiments of Almeida et al. [1] , the numerical benchmark case had been modified to be more suitable for numerical simulations [16] . An experiment corresponding to this new setup is presently designed at the University of Technology Munich in order to provide future experimental reference data. New computational reference solutions have been already obtained by the French-German research group [4, 6] . These include highly resolved Large-Eddy Simulation (LES) at Re b = 10, 595 using 13 × 10 6 grid cells and Direct Numerical Simulations (DNS) at Re b = 2, 800 and 5, 600. A detailed analysis of structural characteristics of this flow configuration has revealed a number of interesting features as reported by Fröhlich et al. [9] . The type of flow under consideration is a challenging test case for statistical turbulence models. In various workshops [12, 14] , Reynolds-averaged Navier-Stokes (RANS) methods failed to predict the reattachment accurately and exhibited a large sensitivity to the individual turbulence closure model. This failure is commonly attributed to the inability of RANS to capture the large-scale dynamics in the separated shear layer. This large-scale motion dominates the momentum exchange and thus determines how quickly the separated flow reattaches. On the other hand, LES is designed to capture these flow structures, but predictions of wall-bounded flows (without wall functions) are limited to moderate Reynolds numbers due to extremely high resolution requirements in the near-wall region. Various hybrid LES-RANS strategies were proposed to alleviate this dilemma. The arguably most popular of these methods is Detached-Eddy Simulation (DES) [17, 20] based on the one-equation Spalart-Allmaras (SA) RANS model [19] . In this approach, the interface between the RANS and LES regions is dictated by the grid design. If performed on a suitable grid, DES are typically expected to yield results superior to those obtained with RANS computations (for the flow investigated in the present study cf. Fig. 1 ). However, due to its complex grid sensitivity, serious deterioration of the predictions occur if the LES-RANS interface resides at either too far or too close distances to the wall.
Noting that the SA model has been tuned for external aerodynamic flows at high Reynolds number, it is interesting to examine DES performance in a complex wall-bounded flow such as the periodic hill configuration. DES has been designed relying on the capability of a RANS model to predict boundary layer flows, and on the superiority of LES in separated flow regions. The hill flow poses yet another challenge for DES: strong spatial and temporal fluctuations of the separation line. The present work investigates the performance of DES for the hill flow at Re b = 10, 595 using computational meshes limited to one million cells -a number feasible for computations on present day personal computers. In order to ensure independence of the findings from numerical methods and particular implementations, several independent research groups computed the same flow by DES using different flow solvers, but employing the same standard grid (N x × N y × N z = 160 × 100 × 60) depicted in Fig. 2 . As reference data serve results from a highly resolved LES obtained with roughly 13 million cells [6] . The performance of the DES is further evaluated by comparison of its results to those computed on the same grid using LES with the standard and the dynamic Smagorinsky models and an alternative hybrid LES-RANS proposed by Breuer and Jaffrézic [5] and Jaffrézic et al. [11] . In addition, LES data employing an immersed boundary technique on Cartesian meshes are included. Finally, the impact of resolution and, therefore, the location of the LES-RANS interface is studied.
Computational details
A concise description of the flow configuration studied and various flow solvers employed in the present work are outlined first. Afterwards, the main features of the performed simulations will be introduced in order to facilitate the proper analysis and comparison of the results. The Reynolds number, based on the hill height (h) and the bulk velocity above the crest (U b ) is 10,595. The dimensions of the computational domain are L x = 9.0h, L y = 3.035h and L z = 4.5h.
The choice of the spanwise extent is based on the investigations by Mellen et al. [16] . The flow is assumed to be periodic in the streamwise and spanwise directions, with a no-slip boundary condition applied at both walls. The flow rate is imposed by a spatially constant pressure-forcing term which is adjusted in time to yield the target mass flow rate. The standard grid used in most of the simulations consists of 160×100×60 cells providing a near-wall resolution in wall units of ∆x + , ∆z + < 35 in the streamwise and spanwise directions, respectively (see Fig. 3 ). The values of ∆y 1 + in the near-wall cells do not exceed 1 for most of the computational domain, i.e. for x/h = 0 − 8. The exception is the windward side of the hill, where the resolution decreases. Nevertheless, compared to the values of ∆y 1 + = O(1), ∆x + = O(50) and ∆z + = O (20) , typically recommended for wallresolved LES, the grid is still deemed to be adequate, although significantly coarser than the grid used in the reference LES (1 vs. 13 million grid cells). This is mainly due to a larger cell size in the spanwise direction that is intentionally chosen such that the RANS region in the framework of DES covers the first 7-9 cells and 4-5 cells in the wall-normal direction at the lower and upper walls, respectively. In some computations even coarser grids are used, being obtained simply by decreasing either the spanwise or the streamwise resolution, while maintaining the original wall-normal cell distribution and uniformity of the cell size in the spanwise direction. These additional simulations with coarser resolutions in the wall-parallel directions are conducted in order to assess the influence of the LES-RANS interface position on the DES performance. Five computer codes, namely LESOCC [2, 3] , LESOCC2 [10] , ISIS [7] , FASTEST [8] and MGLET [15, 18] are used to predict the periodic hill flow. The first four codes solve the incompressible Navier-Stokes equations on curvilinear block-structured grids by finite-volume methods with collocated arrangement of the Cartesian velocity components. MGLET employs an immersed boundary method on a Cartesian grid. For this grid, 221 × 173 × 106 (4.1 million) cells are used. With this number, the high wall-normal resolution achieved by the curvilinear grid for the other codes could not be reached. At the point of maximum wall shear stress, the wall-adjacent cell size is ∆x + ≈ 11, ∆y + ≈ 8 and ∆z + ≈ 56 leading to a maximum wall-normal distance of about 10 wall units. In all codes, second-order central differences are used to discretize convective and diffusive terms. An exception concerns the simulations performed with the ISIS code for which the Gamma Differencing Scheme (GDS) is applied for the transport equation forν, giving a behavior similar to the first-order upwind scheme [13] . With LESOCC2, the HLPA scheme [23] is used for theν−equation. Different second-order accurate time integrations are employed. The three-dimensional, incompressible unsteady Navier-Stokes equations, upon filtering read:
where the filter width is determined implicitly by the mesh size. The subgrid scale tensor τ ij is approximated by employing Boussinesq's formulation for the SGS turbulent viscosity, which is modeled using the Smagorinsky formulation:
with ∆ = (∆x∆y∆z) 1/3 being a representative measure for the grid spacing, thus approximating the filter width. The model coefficient is either taken as C s = 0.1 along with the van Driest damping function in the near-wall region (the standard Smagorinsky model-SM), or obtained by the dynamic procedure of Germano (the dynamic Smagorinsky model-DSM). In order to stabilize the dynamic model in LESOCC, averaging of the numerator and the denominator in the relation for the determination of the Smagorinsky value is carried out in the spanwise homogeneous direction and also in time using a recursive digital low-pass filter. Additionally, the eddy viscosity is clipped to avoid negative values leading to a destabilization of the numerical scheme. A one-equation turbulence model by Spalart and Allmaras (SA) [19] , is employed to model the influence of the unresolved scales on the resolved ones in the framework of DES [20, 22] . The SA-RANS model determines the modified turbulent viscosity (ν) from the corresponding transport equation, whose destruction term is modeled in terms of the distance to the nearest wall d:
The wall boundary condition isν = 0 and the standard model constants described in [19] are used. The DES formulation is obtained by replacing the wall distance d byd, which is defined as
where a somewhat modified length scale ('DES filter') valid in the 'LES region' of the flow field is introduced as ∆ DES = max(∆x, ∆y, ∆z). This modification of the destruction term in Eq. (2.4) tunes the model to function in the RANS mode in the near-wall regions ('attached' boundary layers), whereas away from the walls, in the 'detached' regions of the flow, the closure reduces to a (one-equation) Smagorinsky-like model for the SGS eddy-viscosity. The original value of the corresponding model constant of C DES = 0.65 is adopted for the current study.
The present work is focussed on DES as the arguably most popular and widely used hybrid LES-RANS method. Another hybrid LES-RANS technique proposed by Breuer and Jaffrézic [5] is tested for comparison. This method employs a one-equation (OE) model based on the transport equation for the turbulent kinetic energy which governs the modeled turbulent kinetic energy k mod in RANS mode and the subgrid scale turbulent kinetic energy k sgs in LES mode. More details about the method and switching criteria defining the LES-RANS interface can be found in [5, 11] . A summary of the simulations performed is given in Table 1 displaying the notation used henceforth, the main parameters and information pertinent to the computations, and the location of separation and reattachment 
Results
In this section, the performance of DES will be assessed. The Reynolds number of 10,595 is not as high as desirable for testing an hybrid LES-RANS method, but an analysis can only be undertaken relying on highly resolved LES reference data [4, 6] which are not available at higher Reynolds numbers. An important issue for the successful computation of this flow is to accurately capture the separation point [9] . This is achieved by all applied methods as illustrated in Fig. 4 and Table 1 indicating that the grid resolutions are sufficiently fine for capturing this flow phenomenon. Note that separation and reattachment locations are defined as the locations with zero skin-friction of the mean flow. Deviations in predicted reattachment locations are observed; the majority of the computations predict a delayed reattachment. Henceforth, profiles of velocities, Reynolds stresses and turbulent kinetic energy are compared to those of the reference LES at the following stations: x/h = 0.5, 2, 4, 6 and 8. The selected positions include the regions just upon separation (x/h = 0.5), in the middle of the recirculating zone (x/h = 2), prior to the reattachment (x/h = 4), the post-reattachment and flow recovery (x/h = 6), and the region of accelerating flow on the windward slope of the hill.
DES on the standard grid using different flow solvers
First, DES results generated using different flow solvers on the same standard grid are presented. Figs. 5 and 6 show the mean velocity and turbulence statistics. The mean streamwise velocity profiles exhibit good agreement with the reference data at positions x/h = 0.5, 2 and 8, whereas discrepancies are observed in the regions prior and after flow reattachment (at locations x/h = 4 and 6). Here, the backflow velocity (x/h = 4) is overpredicted corresponding to longer reattachment and slower recovery farther downstream (Fig. 5a ). Despite the good agreement of the Reynolds shear stresses (Fig. 5b) , DES results yield insufficient turbulent kinetic energy within the reattachment region (Fig. 5c) . Furthermore, the near-wall peak of the wall-normal Reynolds stress v ′ v ′ at x/h = 0.5 cannot be captured accurately by DES, which has an impact on the results farther downstream (see Fig. 5d ). One possible reason for this behavior could be that the 'DES filter' ∆ = max(∆x, ∆y, ∆z) in this region is 40% larger than the one employed by LES ∆ = (∆x∆y∆z) 1/3 on the same grid. Hence, the SGS-viscosity of DES is larger in this flow region. Code dependency, on the other hand, can be ruled out, since different flow solvers with distinct implementations and various numerical methods predict the same flow behavior on the same grid. However, minor discrepancies in the results remain owing to differences in numerical methods and chosen time steps. Slight deviations in the mean flow and predictions of turbulence statistics originate from differences in the computed turbulent viscosity as shown in Fig. 6a . The profiles of the wall shear stress on the lower wall agree reasonably well with the reference data (Fig. 6b ), but they reveal that the DES consistently underpredict the wall shear stress in the reattachment region and consequently yield a delayed reattachment. Overall, the mutual agreement of the independently performed DES is very good, thus demonstrating a high level of fidelity of the results.
Influence of the turbulence modeling strategy
In order to investigate the influence of the turbulence modeling, i.e. applied simulation strategies, profiles of the mean streamwise velocity along with the (resolved) Reynolds shear stresses obtained with different approaches are compared in Fig. 7 . All results in this figure are obtained with the same code (LESOCC) on the standard grid. The mean velocity profiles displayed in Fig. 7a exhibit a similar good behavior of both hybrid LES-RANS computations DES-BJ and HYB-BJ, but also a surprising deficiency of the dynamic LES (LES2-BJ) in this simulation, which will be discussed below.
Concerning HYB-BJ and DES-BJ, despite the discrepancy at the location x/h = 4 already mentioned for all the previously commented DES, the mean streamwise velocity is in good agreement with the reference LES. It is noticeable that HYB-BJ captures the reattachment point accurately and better than DES-BJ (see Fig. 4 ). One can see that the hybrid simulation HYB-BJ fails to capture the tiny separation at the hill crest (see Fig. 8 ). This kind of behavior of the wall shear stress has already been observed in RANS simulations as illustrated in Fig. 1 . A detailed evaluation of this hybrid approach can be found in [11] . Almost excellent predictions of the mean streamwise velocity profiles obtained by LES employing the standard SM are evident. This supports the previous assertion that the grid resolution is deemed to be adequate, with the exception of the region of separated shear layer (see Fig. 7b at x/h = 0.5) where shear stress overpredictions associated with a locally coarser grid are visible. At the same time, the results reveal surprisingly poor performance of the dynamic SM. This is demonstrated by the wall shear stress distribution plotted in Fig. 8 which shows the dynamic SM predicting too short a recirculation zone. This unexpected behavior is an indication of high grid sensitivity of the dynamic SM, which is confirmed by direct comparison of various LES computations presented in Figs. 9 and 10 all applying DSM. The simulation LES-IB-PM using the immersed boundary method was performed with 4.1 million grid cells. The computational effort of the additional cells is more than compensated by a substantially lower cost per grid point. Therefore, the increase in number of grid points with this method is justified for a fair comparison. However, due to the use of a Cartesian grid, the wall-normal resolution was substantially coarser than in the curvilinear grid used for the other simulations. Differences with respect to LES2-BJ are clearly noticeable in the profiles of the mean streamwise velocity and shear stress. In particular, LES-IB-PM yields better velocity predictions (Fig. 9a) . The wall shear stress distribution shown in Fig. 10 reveals that despite close agreement within the recirculation zone, these two simulations generate different wall shear stresses elsewhere. LES-IB-PM fails to capture both the tiny separation at the hill crest and the small recirculation region just before the windward side of the hill. These deviations between the two LES predictions using the dynamic SM can be attributed to the different grids and boundary treatments employed, whereas the discrepancies between the standard (LES1-BJ) and dynamic SM (LES2-BJ) using the same code and grid can be imputed to a higher SGS eddy-viscosity prediction of LES2-BJ in comparison to LES1-BJ. 
DES vs. LES on a coarser grid
Comparable deviations from the reference solution for LES and DES on the standard grid have been demonstrated in the previous section. The two methods are further compared directly by additional simulations conducted on the same, but two times coarser grid in spanwise direction (DES2-SJ, LES-SJ). Indeed the purpose of the hybrid LES-RANS strategies is to decrease the near-wall resolution in the streamwise and spanwise directions, for which LES is assumed to fail. Profiles of the mean streamwise velocity, Reynolds shear stress and wall shear stress are compared in Figs. 11 and 12 .
Still, the results of DES are comparable to LES and no evident superiority of DES is observed. This tends to prove that the grid resolution is still sufficient for LES to predict reasonably well separation and reattachment. Temmerman et al. [21] have also obtained separation and reattachment points at x/h =0.23 and 4.64, respectively, by LES using N x × N y × N z = 112 × 64 × 56 cells. Hence, the considered grids are 'not coarse enough'. One could assume that for higher Reynolds numbers this might not be the case any more and DES might finally achieve significant advantages over LES on the same coarse grid. This assertion, however, still awaits corroboration. Finally, the influence of the position of the LES-RANS interface on the performance of DES is investigated. For this purpose, coarser grids are generated simply by decreasing the spanwise resolution of the standard grid. An additional configuration is created by removing every second grid point in the streamwise direction (grid: 80 × 100 × 60). In both cases the original wall-normal cell distribution is intentionally maintained to provide different positions of the LES-RANS interface which is dictated by grid design. Fig. 13 displays profiles of the mean streamwise velocity and Reynolds shear stress obtained for different DES. No significant differences between the results are observed except for the computation DES2-SJ which predicts an earlier reattachment. However, overpredictions of the shear stresses and a too fast recovery of the boundary layer are observed downstream of reattachment. Results of DES on an even coarser mesh containing only 25 spanwise cells are included in Fig. 14 showing the wall shear stress distribution and the positions of the LES-RANS interface for the corresponding computations. As the number of spanwise cells is decreased from 60 down to 45 and 30, the position of the LES-RANS interface shifts away from the wall as depicted in Fig. 14b . Predictions of the wall shear stress are consistently deteriorating, but only within the range of x/h = 0 − 0.5, whereas the separation point is still captured reasonably well. As the number of spanwise cells is ultimately decreased from 30 to 25, the profile changes dramatically, resulting in extremely poor predictions. This is explained by the LES-RANS interface position which is now beyond the (time-averaged) boundary layer thickness of δ ≈ 0.1h at this location. Hence, for 25 grid cells in the spanwise direction, i.e., an LES-RANS interface at 0.117 h, DES is clearly used outside its intended framework.
Conclusions
Detached Eddy Simulations were scrutinized for predicting turbulent channel flow with periodic hill constrictions at a Reynolds number of 10,595 based on bulk velocity and height of the hills. Different flow solvers were used by independent research groups to establish independence of the results from numerical methods and particular implementations. The DES data was compared to results obtained using a highly resolved LES. While discrepancies to the reference data were observed, the DES performed overall well considering the coarse grid. However, for the flow configuration chosen for the present investigation, LES or an alternative hybrid LES-RANS method yielded results of similar quality. Further coarsening of the grid did not alter the performance of DES substantially unless the interface between LES and RANS mode moves outside the boundary layer on the crest of the hill, deteriorating the results substantially.
